I. INTRODUCTION
A LTHOUGH the patch antenna has gained in popularity since the 1970s, the improvement of its inherent narrow bandwidth has been a very active area for research. Parasitic element(s) (i.e., transmission line(s) with open ends on both sides) along the nonradiating edge(s) of a patch antenna was used to improve the match to 50 and to increase the patch impedance bandwidth [1] , [2] . Later, the coupled parasitic element (one end open, but the other end used as a connecting port) was used as a feedback network to integrate an FET oscillator with the patch antenna [3] , [4] . A simple equivalent distributed circuit was shown in [3] to present that most of energy is conserved inside the patch.
Particularly compatible with modern monolithic integrated circuit (MIC) technology, solid-state devices have been used to combine several component functions at the terminals of the patch antenna. The integrated antennas can reduce the size, weight, and cost of many transmitting and receiving systems. These active integrated antennas are ideal for spatial and quasi-optical power combining [5] - [9] . Among the various configurations of the integrated antennas, the circuit-fed amplifying antenna arrays [6] - [9] , which are formed by implementing amplifiers in the antenna array, are constructed for high-power and high-gain applications. In these arrays, the input power is distributed to each antenna element through a parallel or series feed network. A solid-state amplifier is embedded at the front of each antenna element to amplify the power distributed to the element. Fig. 1(a) shows the diagram of such an amplifying array. Although the concept is simple and straightforward, there are a number of drawbacks for this configuration. One is that the biasing of the amplifiers is inconvenient to design since all the amplifiers are dc connected. Another is that lots of the power dividers with different power-split ratios need to be implemented to construct the feed network. This consumes much of the circuit area, increases the size and design complexity, especially for a large antenna array. This paper presents the design and measurement of a new amplifying antenna array using a novel concept proposed by the 0018-9480/02$17.00 © 2002 IEEE Fig. 2 . Circuit layout of a five-element amplifying array using patch-antenna couplers.
authors in [10] . As shown in Fig. 1(b) , the array is composed of antenna elements, couplers, and amplifiers. When the power is fed to the center element through the array input port, with most of it radiated by that antenna element, part of the power is tapped out by the coupler(s) to the nearby transmission line(s). The coupled power is amplified by an FET amplifier and then fed to the next antenna element. The process is repeated after all the antenna elements are fed with suitable power. Based on this new excitation technique, a 10-GHz five-element patch-antenna array, as shown in Fig. 2 , is demonstrated. To make the structure compact, the function performed by the antenna element and coupler is fulfilled by using a patch antenna with a coupled open-ended microstrip line (hereafter referred to as the patch-antenna coupler). The patch-antenna coupler can be viewed as an asymmetric coupled transmission line. By simply adjusting the coupling length and/or the gap between the patch and open-ended line, different levels of coupling energy can be controlled so as to generate a beam-shaped array with proper excitation amplitude distribution (Chebyshev, uniform, or binomial). No bulky power-divider feed network is needed. On the other hand, tuning the lengths of the microstrip lines connecting the adjacent antennas could control the phase distribution. It is noted that the gap between the patch and coupled transmission line also serves as a dc block for the biasing of the FET amplifier, which greatly simplifies the bias circuit in the active array. This paper is organized as follows. Section II presents the simulated and measured characteristics of the patch-antenna coupler. The coupling coefficient as functions of both the coupling length and gap are studied. Based on the results, a five-element amplifying antenna array, as shown in Fig. 2 , is designed and described in Section III. The array is designed to have a broadside 25-dB Chebyshev amplitude distribution. To this end, a fixed-gain FET amplifier is first designed and measured carefully to obtain the designed gain level and phase. The coupling coefficient for each patch-antenna coupler is then calculated to fulfill the array amplitude distribution. To simplify the design, the required coupling coefficients are accomplished by only varying the coupling length of the patch-antenna coupler. Section IV presents the measurement results, including the return loss and radiation pattern of the fabricated amplifying array. The results of the array with some simulation. For an operating frequency at 10 GHz, the designed length and width of the patch antenna without coupled lines are 9.6 and 12 mm, respectively. This patch size is fixed in the following analysis. Although placing the coupled line(s) beside the patch would influence the resonant condition and thus change the antenna's resonant frequency, the effect is small (since the coupling is weak) and can be easily compensated by fine tuning the length and width of the quarter-wave transformer.
The frequency responses and radiation patterns are first investigated. Fig. 4 illustrates the measured and designed frequency responses of the return loss and coupling coefficient of a patch-antenna coupler [see Fig. 3 (a)] with and 0.3 mm. The measured return-loss response is quite the same as an ordinary patch antenna, which shows a resonant frequency at 9.92 GHz (only 0.8% off the designed one) and a 10-dB bandwidth of 2.2%. The coupling coefficient first increases and then decreases as the frequency is raised, with a maximum of 8.17 dB around the resonant frequency. Note that the experimental results agree very well with the calculated ones. The radiation patterns of the patch could be deteriorated due to the presence of the coupled line. To see how much the coupled line would affect the patterns, a separate patch antenna without the coupled line is made and measured. Fig. 5 (a) and (b) compares the measured -and -plane radiation patterns of these two antennas. When measuring the patch-antenna coupler, the coupled port is terminated with a 50-resistor. As shown, the antenna with a coupled line has a 3-dB -plane beamwidth of about 70 and -plane beamwidth of 85 . The antenna gain at broadside is 6.34 dBi, which is a little lower than that of the antenna without the coupled line. This gain reduction may be due to the power coupling effect. The cross-polarization levels of the two antennas are 20 dB lower than the co-polarization levels at a broadside direction. In particular, the antenna coupler has similar, if not lower, cross-polarization levels as does the ordinary patch antenna. Generally speaking, the coupled line exhibits little influence on the radiation patterns.
The purpose of designing the patch-antenna coupler is to control power coupling from the patch to the coupled line. Different levels of power coupling can be achieved by varying the coupling length and gap of the coupled line. As a function of the gap, Fig. 6 depicts the variations of the calculated coupling coefficient (amplitude and phase) at 10 GHz for the two configurations shown in Fig. 3 . The coupling length is fixed at . Note that, for the antenna coupler with dual coupled lines [see Fig. 3(b) ], the coupling coefficient to port 3 is the same as that to port 2 due to the symmetry of the structure. Evidently, a smaller gap would result in a higher coupling [see Fig. 6(a) ]. The amplitude of the coupling coefficient could reach 6 dB when the gap is as narrow as 0.1 mm. Also, the coupling is about the same no matter if one or two coupled lines are used. The difference between the coupling coefficients of the two configurations can only be distinguished when the gap becomes narrower (higher coupling). Finally, it is noticed that the As a function of the coupling length , Fig. 7 presents the calculated variations of the coupling for the two configurations. For verification, the measured results obtained using the transmission-reflection-line (TRL) calibration technique [11] for the antenna coupler with a coupled line is also shown. The gap is fixed at 0.3 mm. As observed from Fig. 7(a) , the coupling level first raises with the increase of the coupling length. A maximum level of about 7.9 dB is reached when . Further increase of the length causes a slight decrease of the coupling. Unlike the coupling level, the phase of the coupling coefficient shown in Fig. 7(b) reduces monotonically with the increase of the coupling length. This variation of the phase is more pronounced as compared to that for the change of the gap [see Fig. 6(b) ]. Notice that the experimental results are in good agreement with the calculated ones.
Before leaving this section, it is noted that, for each case of different coupling length or gap shown above, the antenna's input return loss is always controlled under 20 dB at 10 GHz by tuning the length and width of the quarter-wave transformer.
III. DESIGN OF THE AMPLIFYING ANTENNA ARRAY
A linear five-element amplifying array, as shown in Fig. 2 , is designed. The inter-element spacing of this -plane array is set as 21 mm, which corresponds to 0.7 free-space wavelength. The array is designed to have a Chebyshev broadside radiation pattern with a sidelobe level of 25 dB. The five patch antennas are symmetrically located with respect to the center one, where the external power is fed in. Four amplifiers are needed to implement the array. For simplicity, these amplifiers are with the same design and, thus, have equal gain and transmission phase delay. The excitation voltages to generate the Chebyshev pattern are controlled by the coupling lengths of the patch-antenna couplers. Only two types of antenna couplers are required, i.e., a dual-coupled-lines antenna (the center element) and a single-coupled-line antenna (the ones next to the center element).
A. Design of the FET Amplifier
The amplifier is designed with the device NE32584c (a pseudomorphic heterojunction FET). Based on the scattering parameters of the transistor measured from the TRL calibration technique, the matching network is obtained [12] utilizing the commercial software HP Series IV (Hewlett-Packard Inc., Santa Rosa, CA). Fig. 8(a) and (b) illustrates the amplitude response and phase response, respectively, of the transducer gain and input return loss at the bias condition of V and mA. Both the measurement and simulation results are presented, which show good agreement with each other. The measured gain has a level of 10 dB at 10 GHz with approximately 0.5-dB gain flatness from 9.6 to 10.6 GHz. The return loss at the center frequency is better than 30 dB. The measured phase delay with additional 1-mm extensions at both the input and output ports is 108.4 . The phase delay of the amplifier plays an important role in the design of the broadside array. Fig. 9 illustrates a design diagram for the five-element amplifying array. The normalized amplitude distribution for a 25-dB Chebyshev array is, from elements 1-5, 0.393 ( 8.12 dB), 0.797 ( 1.97 dB), 1 (0 dB), 0.797 ( 1.97 dB), and 0.393 ( 8.12 dB) [13] . These values correspond to those practically radiated from the antennas. Let the power radiated from the center element (element 3) be . The power radiated from elements 2 and 4 and that from elements 1 and 5 are, thus, and , respectively. To meet this power distribution requirement, the coupling lengths (element 3) and (elements 2 and 4) should be adjusted to obtain suitable coupling levels and , respectively. The normalized excitation voltage applied to the center element is denoted as ( ), as for elements 2 and 4, and as for elements 1 and 5.
B. Design of the Coupled Lines and Feed Lines
The power radiated from the center element is the difference between the excitation power and the power coupled to both sides of the coupled lines (neglecting the power loss due to other effects), i.e., (1) or (2) Similarly, the power radiated via element 2 or 4 is the difference between the excitation power and the power coupled to the transmission line or (3) where the excitation power for element 2 or 4 is the power coupled from the center element (with coupling level ) and amplified by the amplifier (with gain ) (4) Substituting (4) and (2) into (3) gives (5) Finally, since there is no coupled line adjacent to the edge elements, the excitation power , which is tapped out from the previous element (with coupling level ) and amplified by the FET amplifier, can be written as (6) By substituting (5), (4), and (2) into (6) with , the power radiated from the center element can be calculated as dB. The required coupling levels and are then solved, using (2) and (5), to be 0.0575 ( 12.4 dB) and 0.023 ( 16.38 dB), respectively. These coupling levels can be achieved by choosing proper coupling lengths while keeping a fixed gap. (For the ease of fabrication, the gap is set at 0.3 mm in this study.) The measured results shown in Fig. 7(a) suggest that the required coupling length of the center element is 2.55 mm and that of elements 2 or 4 is 1.65 mm.
For broadside radiation, the signal phases at the feed points of all the patch antennas should be the same. This is accomplished by designing the lengths of the feed lines connecting adjacent antennas so that the signal phase delay be equal to a multiple of 360 . As observed from Fig. 2 , the phase delay includes those of the antenna coupler, FET amplifier, quarter-wave transformer, and two extra sections of microstrip lines (before and after the amplifier). The phase delays via the first three components are fixed from the above design, while that of the extra microstrip lines can be tuned to meet the phase requirement by adjusting their lengths.
In order to verify the designed coupling lengths and feed-line lengths, two separate circuits, as shown in Fig. 10 (which are parts of the final amplifying array), are made and measured. The one-stage circuit in Fig. 10(a) contains a patch antenna with one-stage coupling and amplifying, and the two-stage circuit in Fig. 10(b) is composed of three patch antennas with two-stage coupling and amplifying. All the FET amplifiers in each configuration have the same bias ( V and mA). During measuring, port 3 of each circuit is connected to a 50-resistor for termination. Fig. 11(a) and (b) shows the measured scattering parameters. Both the circuits have a 10-dB return-loss bandwidth of 2% centered at the design frequency (10 GHz) with return loss of 25 dB. For the one-stage circuit, the measured transmission loss illustrated in Fig. 11(a) is 2.2 dB at the center frequency, which is only 0.2 dB lower than the desired value (2.4 dB). The measured transmission phase delay , after incorporating the effect of the extended input feed line, corresponds to a phase difference of 7.8 between the feed points of the center element and element 2 (or 4) in the final array. Although a zero phase difference is needed, this measured value is still under the tolerance of fabrication and measurement. From Fig. 11(b) , the measured transmission loss for the two-stage circuit at 10 GHz is 8.2 dB, which, again, is very close to the design one (8.64 dB). Also, from the measured phase delay , the corresponding phase difference between the feed points of the center element and element 1 (or 5) is 4.3 . In general, the experimental results are in good agreement with the design ones.
IV. MEASUREMENT OF THE AMPLIFYING ANTENNA ARRAY
The five-element amplifying array is fabricated after the step-by-step design process described above. The return loss and radiation patterns with and without the amplifiers on are measured. Fig. 12 depicts the measurement result for the return loss. The array exhibits a resonant frequency at 10 GHz, with a return loss of 27 dB. The 10-dB return-loss bandwidth is 2%, the same as those of the one-and two-stage circuits presented in the previous section. Actually, since the coupling used in the array is weak, the return loss depends mainly on the input matching of the center element, with little influence from other circuits and antennas.
The radiation patterns of the antenna array are measured using an -band standard horn antenna with a gain of 15.8 dBi at 10 GHz. This receiving horn is placed at a distance of 190 cm, which is in the far-field zone of the array. Since the linear array is formed along the -plane of the antenna element, only the -plane patterns are measured. The resultant co-and cross-polarization patterns are shown in Fig. 13 . It is seen that the array possesses a 3-dB beamwidth of 17 and a gain of 15.9 dBi. From the design data shown in Fig. 9 , the theoretical gain of the array should be 17 dB, which is 10.6 dB higher than the gain (6.4 dBi) of a single patch antenna. Thus, the experimental gain is only 1.1 dB lower than the theoretical one, corresponding to a power combining efficiency of about 90%. Also observed from the co-polarization pattern, the measured sidelobe level is 22 dB lower than the peak value, which is close to the expected one (25 dB). The cross-polarization level is about the same as the sidelobe level of the co-polarization pattern, but with a deep null at the broadside direction.
In the applications of the amplifying antenna array, it is important to study the graceful degradation of the array performance. To investigate the effect of the damaged devices on the radiation pattern, the array with some amplifiers off (by turning off their bias voltages) is measured. Fig. 14(a) shows the measured radiation pattern of the amplifying array with all amplifiers off. That of the one-stage circuit shown in Fig. 10(a) is also presented for comparison. As expected, the patterns of these two configurations are similar and are much broader than that of the array with amplifying since now only one patch antenna effectively radiates in the array. Fig. 14(b) shows the measured radiation patterns of the two-stage circuit [see Fig. 10(b) ] and the amplifying array with only the middle two amplifiers on. The antenna gain and 3-dB beamwidth of the partially damaged array are 14.1 dBi and 27 , respectively, which are, again, similar to those of the two-stage circuit. As compared to the normal amplifying array, the gain of the present case decreases and the beam is broadened since the two edge antennas are nonradiating.
V. DISCUSSIONS
It is interesting to compare the transmitting gains of the proposed amplifying antenna array and the conventional one. Referring to the diagrams depicted in Fig. 1, let us consider an -element array with a uniform amplitude distribution. Assume that the amplifiers and the antennas are all the same and have the gains of and , respectively. The effective isotropic radiation power (EIRP) of the amplifying array shown in Fig. 1(a) can be derived as (7) where denotes the input power fed to the array. Similarly, the EIRP of the proposed amplifying array [see Fig. 1(b) ] is expressed as (8) Here, the reduction of the antenna gain due to the coupling effect of the coupled lines has been neglected. It is seen that the array gain ratio between the proposed array and conventional one is . This ratio is less than unity for a small array, but would be greater than one when a large array is formed. Also, it is noticed from Fig. 1 that amplifiers are used in the conventional array, while only amplifiers are in the proposed array. If an additional amplifier is put at the input of the proposed array, the EIRP in (8) should be modified as (9) As compared to (7), the proposed amplifying array has an EIRP or, equivalently, a transmitting gain times that of the conventional one.
VI. CONCLUSIONS
An amplifying antenna array employing the patch-antenna coupler has been proposed and demonstrated with a five-element array with broadside 25-dB Chebyshev amplitude distribution. The radiation pattern of the array can be shaped by designing the coupling factors of the antenna couplers, which, in turn, are achieved by controlling the coupling length and gap. The design of the amplifying array, including that of the amplifier and antenna couplers, is based on a step-by-step process. At most steps, both simulation and experimental approaches have been used to confirm the design. The measured results for the fabricated five-element array agree quite well with the expected ones. The measured transmitting gain, half-power beamwidth, and sidelobe level are 15.9 dBi, 17 , and 22 dB, respectively. It is also found that the input return loss of the array depends essentially only on the matching of the patch antenna to be externally fed, not influenced by other circuits or antennas. As compared to the conventional amplifying array, the proposed array leads to significant advantages such as compactness of the configuration, ease of biasing, and high transmitting power.
